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ABSTRACT 
The "altered ilmenite" (62.5-64% Ti02; 28% 
Fe203; 1.0-1.5% FeO) of the New Jersey Coastal Plain 
occurs as economic black sand deposits in the unconsoli- 
dated Tertiary Kirkwood and Cohansey Formations.  A zone 
of limonite-cemented quartz sand underlies the black sand 
deposit in the Cohansey Formation. 
Electron microprobe studies show that the 
altered ilmenite grains are not systematically zoned 
from core to rim.  Virtually all the '"'grains have a Ti/Fe 
ratio greater than that of ideal pseudorutile (Fe2 Ti30g)       e 
which indicates that the iron in the original detrital 
grains was selectively removed by near-surface leaching 
and that the grains now contain a sub-microscopic Ti-rich 
phase.  Selected-area X-ray diffraction studies carried 
out with a Norelco microcamera using MoK^ radiation and 
a lOOjv^m collimator on grains with maximum dimensions 
between 500 and 1200>Vm showed a constant pattern of 
diffraction spots for each doubly-polished random thin 
section, thus indicating that each grain is an oriented 
polycrystalline aggregate or pseudo-single crystal. 
Standard Debye-Scherrer photographs of single grains 
gave spot-patterns, but patterns obtained on the same 
grains with a Gandolfi attachment or on crushed grains by 
X-ray powder diffractometry revealed that the grains are 
composed dominantly of pseudorutile and subordinately of 
rutile.  Ilmenite is either a very minor constituent or 
o 
was not detected. 
r 
Scanning electron microscopy of both natural and' 
freshly broken surfaces of these grains -indicates that 
the crystallite size in these grains is less than 300A, 
which is in accord with observed X-ray line broadening 
effects and selected-area electron diffraction patterns 
obtained by transmission electron microscopy.  All the 
grains contain a set of abundant oriented lath-like 
cavities which probably represent the hematite-rich 
exsolution lamellae of an original ilmenite-hematite 
intergrowth. 
The results of this study support the view that 
detrital grains compo"sed of ilmenite-hematite exsolution 
intergrowths were oxidized and selectively leached of 
iron after deposition according to the reaction: 
3Fe+2Ti03 + 3/4 02 —^ Fe^TigOg + 1/2 Fe^. 
The residual product is "altered ilmenite" which is 
composed dominantly of exceedingly fine-grained oriented 
aggregates"of pseudorutile in topotactic relationship with 
+3 the original ilmenite.  Further leaching of Fe  from 
pseudorutile results in the formation of rutile, but 
the amount of rutile developed by decomposition-leaching 
of pseudorutile varies widely from grain to grain. 
The processes of intense oxidation and iron 
leaching which transformed the detrital ilmenite grains 
in situ into pseudorutile and rutile also resulted in the 
total destruction of any detrital magnetite in these 
black sand deposits. 
INTRODUCTION 
Ilmenite (FeTiO_) in the zone of weathering 
loses iron through- oxidation and leaching which results 
in alteration products enriched in titanium.  Such 
"altered ilmenite" grains occur as economic black-sand 
deposits in the Tertiary Kirkwood and Cohansey Forma- 
tions of the New Jersey Coastal Plain.  These deposits 
were first recognized by Frank Markewicz of the New 
Jersey Bureau of Geology and Topogrphy in 1956 and since 
then have been actively mined for their titanium dioxide 
content.  The Glidden-Durkee Division of the SCM Corpora- 
tion recovered "altered ilmenite" from the Cohansey sand 
between 1962 and 1978.  The Manchester Division of the 
American Smelting and Refining Corporation (ASARCO) 
began operation on the Cohansey and Kirkwood black sands 
in 1973 and the plant is currently active. 
The most recent ideas on the alteration of 
ilmenite are those of Grey and Reid (1975) who studied 
altered ilmenite grains from Indonesian and Australian 
black-sand deposits.  They proposed that the alteration of 
ilmenite to rutile (Ti02) occurs via a two-stage mechanism 
and proceeds through a discrete intermediate mineral 
+3 
species (Fe 2 TI3^Q) f°r which they used the name 
pseudorutile which was first proposed by Temple in 1966. 
To date, no in-depth study of the "altered 
ilmenite" of the Kirkwood and Cohansey Formations has 
been carried out.  Lynd (1960b) compared the alteration 
of ilmenite as observed in polished sections of rocks 
from the New Jersey Highlands with the type of alteration 
observed in the black sands of the New Jersey Coastal 
Plain.  He concluded that-^not only is the sand "ilmenite" 
more highly altered than- the rock ilmenite, but that the 
alteration products are different.  The most important 
earlier work on "ilmenite" sand was done by Temple (1966) 
whose single-grain X-ray diffraction studies with a 
precession camera of "altered ilmenite" from numerous 
areas around the world, including New Jersey, indicated 
that the "altered ilmenite" grains of the New Jersey 
deposits consisted of oriented crystallites of 
pseudorutile and rutile with virtually no original ilmenite 
left in the grains studied. 
The heavy black-sand concentrates from the 
Manchester plant of ASARCO assay 62.5-64.0% TiO,, 
27.5-28.0% Pe203, and only 1.0-1.5% FeO (personal 
communication from ASARCO staff).  Pure ilmenite contains 
52.7 weight percent Ti02 and 47.3 weight percent FeO. 
Puffer-and Cousminer (1974) analyzed 10 samples of 
black-sand concentrate from the Cohansey Formation 
(0.25-0.12 mm size fraction) and 8 samples from the 
Kirkwood Formation (0.12-0.09 mm size fraction) and 
reported that both samples contained about the same 
average weight percent Ti02 (65 and 63%, respectively) 
and the same average weight percent total iron calcu- 
lated as Fe20_ (31 and 32%, respectively), but different 
concentrations of FeO (0.9 and 5.1%, respectively).  They 
concluded that these assay data reflect the presence of 
more unaltered ilmenite in the Kirkwood Formation as 
compared with the Cohansey Formation. 
V 
The above information clearly indicates that 
the New Jersey deposits have been strongly oxidized and 
enriched in Ti relative to original ilmenite and that, 
as Temple suggested, ilmenite is not; the dominant mineral 
phase present in these deposits. 
OBJECTIVES OF THIS STUDY 
Early mineralogical work on the alteration of 
ilmenite sands relied primarily on data obtained through 
standard X-ray powder diffraction techniques (Tyler and 
Marsden, 1938; Miller, 1945; Overholt, Vaux and Rodda, 
1950; Lynd, Sigurdson, North and Anderson, 1954; Bailey, 
Cameron, Spedden and Weege, 1956; Allen, 1956; Bailey 
and Cameron, 1957; Flinter, 1959, 1960; Gruner, 1959; 
Karkhanavala, 1959; Karkhanavala and Momin, 1959; 
Karkhanavala, Momin and Rege, 1959; Lynd, 1960 a; 
Yanulov and Chulkova, 1961).  The powder diffraction 
results were not conclusive, however, because of line 
overlap problems and in 1966 Temple attempted to define 
the mineralogy of ilmenite alteration products using 
single-crystal X-ray techniques on single grains.  This 
method proved successful because of the topotactic rela- 
tionship of the major alteration phase with original 
ilmenite, and Grey and Reid (1975) also used single- 
crystal methods rin their work. 
To date, no work has been done on "altered 
ilmenite" with an X-ray microcamera (Chesley, 1947) using 
selected-area X-ray powder diffraction methods.  This is 
a technique used successfully by Wicks and Zussman (1975) 
to study fine-grained serpentine minerals in situ in thin 
section.  Use of this method permits optical selection on 
a polished section of specific regions of a single grain 
for X-ray powder diffraction analysis.  Such analysis of 
specific regions of single grains should provide new 
insight into the mineralogical alteration" mechanisms of 
ilmenite, especially since Temple (1966) reported a 
variation in the Fe and Ti content across "altered 
ilemite" grains based on electron microprobe analysis. 
X-ray diffraction analysis of discrete regions of single 
grains would give the added dimension of structural data 
to chemical data obtained with the electron microprobe 
and integration of these data should permit determination 
of the mineral phases within each grain and their zonal 
distribution. 
Since relatively little work has been done on 
the "altered ilmenite" of the New Jersey Coastal Plain, 
the general objective of this study was to determine the 
mineralogical composition of these deposits using a 
variety of methods including standard X-ray diffraction 
techniques (Debye-Scherrer and diffractometry) and special 
X-ray techniques (microcamera and Gandolfi methods on 
single grains).  The structural information from these 
analyses coupled with the results of electron microprobe 
analysis would then allow a more complete evaluation of 
the nature of "altered ilmenite" than was previously 
possible. 
The specific objectives of this research were: 
1) to examine the mineral distribution in 
"altered ilmenite" grains by selected-area X-ray powder 
diffraction methods coupled with electron microprobe 
analysis; and 
2) to determine the mechanism(s) of ilmenite 
alteration and titanium enrichment in the unconsolidated 
Tertiary Kirkwood and Cohansey sands. 
8 
PREVIOUS INVESTIGATIONS 
.L 
Although it has long been known that ilmenite 
undergoes oxidation in the zone of weathering, the exact 
chemical mechanism(s) by which "enriched ilmenite" is 
produced has long been a controversial subject.  In the 
past seventy years, numerous studies have been carried 
out on altered ilmenite in an attempt to solve this problem. 
In 1909 Palmer proposed that the alteration of 
ilmenite to rutile involves a distinct intermediate phase. 
His analysis of this phase showed that it had an approx- 
imate composition of Fe203*3Ti02, and he named it arizonite. 
Later work by Miller (1945) on Florida beach and dune sands 
showed that, although the "altered ilmenite" of these 
sands has essentially the same chemical composition as 
arizonite, X-ray powder diffraction patterns of these 
sands are not equivalent to that of the type arizonite 
described by Palmer.  Overholt, Vaux and Rodda (1950) 
concluded, on the basis of X-ray powder diffraction 
analysis, that arizonite is an impure mixture of hematite, 
ilmenite, anatase, and rutile derived by weathering of 
ilmenite.  Lynd, Sigurdson, North and Anderson (1954), 
working with titanium-rich beach-sand concentrates from 
North Carolina, Florida, Brazil, and India, found that the 
composition and structure of the beach-sand concentrates 
corresponds to a mixture of ilmenite, hematite, and rutile, 
which is what would be expected from ilmenites that have 
been altered by oxidation and leaching.  They concluded, 
therefore, that there was no reason to assume the existence 
of the hypothetical compound arizonite to account for the 
composition of titaniferous beach sands.  This conclusion 
was supported by Karkhanavala (1959) and Karkhanavala, 
Momin and Rege (1959). 
Microscopic and X-ray powder diffraction analysis 
of altered ilmenites by Bailey, Cameron, Spedden and Weege 
(1956) led to the recognition of three stages of ilmenite 
alteration:  patchy ilmenite; amorphous iron-titanium 
oxides; and leucoxene, which consists commonly of oriented 
aggregates of finely crystalline rutile (or, in some cases, 
brookite).  No evidence for the existence of arizonite 
was found. 
Chemical and X-ray data obtained by Dyadchenko 
and Khatunseva (1960) indicated that the weathering of 
ilmenite proceeds according to the scheme:  ilmenite - 
hydrated ilmenite arizonite - leucoxene - rutile.  They 
concluded that their data confirmed the existence of 
arizonite as a separate mineral which has the formula 
Fe203■nTi02*mH20, where n=3-5 and m=l-2. 
Although by the early 1960's no general agree- 
ment had been reached on the matter of arizonite, many 
10 
researchers were convinced that the alteration of 
ilmenite proceeded through a distinct intermediate isotropic 
material with a narrow compositional range (Flinter, 1959, 
I960; Bykov, 1964, 1965).  In 1966, Temple, recognizing 
that much of the confusion regarding the intermediate 
alteration phase of ilmenite resulted because X-ray powder 
diffraction analysis was unsatisfactory due to the poor 
crystallinity of the alteration phases and the overlap of 
many of the diffraction maxima from different phases, 
tried an approach using rotating-crystal equi-inclination 
Weissenberg and precession camera techniques on single grains 
of "altered ilmenite" from 8 localities in various parts 
of the world including New Jersey.  Because the crystallites 
which constitute the "altered ilmenite" are highly 
oriented, these techniques proved successful, and Temple 
concluded that the oxidation and selective removal of 
iron from ilmenite results in an intermediate iron 
titanate phase with a distinctive structure, for which he 
proposed the name pseudorutile.  His electron microprobe 
analysis of "altered ilmenite" from West Titan, Australia 
and Trail Ridge, Florida revealed a pronounced variation 
in the Ti/Fe ratio along radii of grains, which can be 
correlated with the degree of alteration observed in 
polished section under the microscope.  He identified 
only three mineral phases, namely, ilmenite, pseudorutile, 
11 
and rutile, in the commercial titanium deposits which he 
studied. 
Later work by Teufer and Temple (1966) using 
the same single-crystal techniques showed that pseudorutile 
is a cation-disordered structure of hexagonal symmetry 
i 
~ with a = 2.872 A* and c = 4.594 &, and a theoretical 
o o 
+3 
composition of Fe 2Ti30g.  Fleischer (1967), however, in 
a critical review of the data presented by Temple (1966) 
and Teufer and Temple (1966) stated that there was 
insufficient evidence to establish the validity of 
pseudorutile as a mineral. 
Grey and Reid (1975) pointed out that a cation- 
disordered model for pseudorutile, such as the one 
proposed by Teufer and Temple (1966), would not account 
+3 for the consistent composition of Fe 2T^2^9  which is 
closely approximated in occurrences of the mineral as 
widespread as the USA, India, Russia, Brazil, Indonesia, 
and Australia.  Furthermore, the hexagonal unit cell 
chosen by Teufer and Temple with a = 2.872 A* and c = 4.594 A 
failed to accommodate a number of strong diffuse reflec- 
tions which they observed in their single-crystal patterns. 
A complete structure analysis by the authors on a single 
crystal or pseudo-single crystal of Indonesian material 
v showed that: » 
12 
--^ 
"the structure is based on hexagonal 
close-packed oxygens with metal atoms 
randomized with two-thirds occupancy- 
over half the available octahedral 
sites and fully ordered in the remaining 
sites.  The ordered atoms from chains of 
alternately filled and empty octahedral 
sites along [001].  Poor correlations 
between these ordered" chains leads to 
diffuse streaking of the metal-ordering 
reflections in certain planes perpendicular 
to [001] (Grey and Reid, 1975)." 
The unit cell dimensions determined by Grey and Reid are 
a = 14.375 &, c = 4.615 X; the space group is P6322. 
Larrett and Spencer C1972) reported that 
electron microprobe analysis of pseudorutile grains from 
a clay horizon on South Neptune Island, Australia showed 
no systematic variation in the Fe and Ti content across 
these grains.  They concluded that pseudorutile was the 
only Fe-Ti oxide present in the material studied. 
GEOLOGIC SETTING 
General Geology of the Area 
The New Jersey Coastal Plain consists of 
gently dipping unconsolidated clays, marls, silts and 
sands of Late Cretaceous and Tertiary age.  The Coastal 
Plain is the largest geomorphic province in New Jersey 
and extends south from a line drawn from Trenton to Perth 
Amboy (Wolfe, 1977). 
Commercial quantities of "ilmenite" occur in 
13 
the Cape May, Cohansey and Kirkwood Formations of the 
Coastal Plain.  Local concentrations of heavy minerals 
are also present in the Pensauken Formation, but these are 
too limited to be of commercial value (Markewicz, 1969). 
The marine Miocene Kirkwood Formation immediately 
underlies the Cohansey Formation and was deposited dis- 
conformably on a highly eroded surface of lower Tertiary 
greensands and limesands.  The Kirkwood has recently been 
divided into three members:  (1) the Alloway Clay Member, 
a basal marine clay unit which is found in the southern 
portion of New Jersey, (2) the Asbury Park Member, which 
consists of finely laminated, clayey silt and rests on 
Eocene greensands in the northeast portion of the state, 
and (3) the Grenloch Sand Member, which is a very fine- 
grained, silty, orange, yellow, and white sand (Isphording 
and Lodding, 1969). 
The fine-grained heavy-mineral suite of the 
Kirkwood Formation contains less "ilmenite" and leucoxene 
than that of the Cohansey Formation and a larger percentage 
of other heavy minerals such as kyanite, sillimanite, 
rutile, and zircon.  The heavy minerals of the Kirkwood 
Formation are concentrated in flat, continuous laminae 
which contain relatively little structure (Markewicz, 
1969). 
H 
The Cohansey Formation overlies the Kirkwood 
and forms the surface of .the Coastal Plain over a wider 
area than any other formation.  The Cohansey Formation 
has been the subject of controversy in recent years for 
three reasons - first, the age of the deposit; second, 
the environment of deposition of the deposit; and third, 
the nature of its contact with the underlying Kirkwood 
Formation. 
Markewicz (1969) believes that, after withdrawal 
of the Kirkwood sea, fluvial deposition of the Cohansey 
sand commenced in the inland region with deltaic and 
probable restricted shallow estuarine deposits occurring 
toward the coast.  He tentatively assigned a Pliocene age 
to the Cohansey Formation, and concluded that the Cohansey 
rests unconformably on the Kirkwood. 
Isphording and Lodding (1969) concluded that 
the Cohansey Formation is Upper Miocene in age and that the 
local disconformity seen between the Kirkwood and Cohansey 
Formatioms in some outcrops most likely resulted from a 
minor regression of the sea which was at best only a few 
miles and of short duration.  They concluded that there 
was no justification for assuming a widespread withdrawal 
of the sea and that the Cohansey Sand lies conformably on 
the Kirkwood Formation. 
Carter (1972, 1978) stated that the clay, sand 
15 
and gravel of the Cohansey Formation were deposited under 
a wide variety of marine conditions.  He identified two 
facies sequences in the Cohansey Formation.  He interpreted 
the first sequence as a regressive barrier island deposit 
and recognized five depositional environments within the 
sequence:  a surf zone, represented by interbedded sand 
and grit; a foreshore, represented by laminated sand; a 
backshore-dune, represented by burrowed laminated sand 
with heavy mineral concentrations; a freshwater marsh, 
represented by peat; and a saltwater marsh, represented 
by laminated clay.  He interpreted the second sequence 
as a barrier-protected complex within which he recognized 
four depositional environments:  low and intermediate 
flow strength sub-tidal channels, represented by cross- 
bedded sands with tabular sets; an intertidal sand flat, 
represented by burrowed, massive sand; and an abandoned 
channel, represented by lenticular, interbedded sand 
and clay bodies.  Carter assigned a tentative Upper 
Miocene age for the Cohansey Formation, and believes 
that at least two regressive-transgressive cycles are 
represented by this deposit. 
Markewicz (1969) divided the Cohansey Formation 
into three generalized provinces based upon mineralogic 
and lithologic differences, namely, (1) the ilmenite 
province, which is composed of fairly clean quartz sand 
16 
with some gravel and limited clay and appreciable amounts 
of ilmenite; (2) the quartz sand and clay province, which 
is a less-clean quartz sand and gravel region with greater 
amounts of clay in the form of lenses and beds and low 
heavy mineral content; and (3) the high-silica sand 
province, which contains moderately dirty quartz sand and 
gravel to clean quartz sand and gravel mixed with clay 
beds grading from discontinuous lenses to thicker beds. 
A zone of limonite-cemented quartz sand underlies the 
black sand in the Cohansey Formation. 
The Cohansey Formation is overlain unconformably, 
in various areas by the continental Beacon Hill Gravel of 
Pliocene (?) age, and the Bridgeton, Pensauken and Cape 
May Formations, which are all  Quaternary deposits (Lewis 
and Kummel, 1940; Widmer, 1964).  The Pleistocene Cape 
May Formation is limited in areal extent in the ilmenite 
province and locally contains appreciable amounts of 
heavy mineral.  The Cape May Formation consists of a 
mixture of materials derived from the underlying Kirkwood 
and Cohansey Formations and also sediments derived from 
further inland (Markewicz, 1969). 
The general geology of New Jersey is shown in 
Figure 1. 
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SCALE IN MILES 
Figure 1. The general 
geology of New Jersey (after 
Markewicz, 1969)* 
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Origin of the "Ilmenite" Deposits 
Discovery of the "ilmenite" deposits of the 
New Jersey Coastal Plain iri 1956 immediately resulted in 
discussion regarding their origin.  The major considera- 
tions were, first, where did theNilmenite come from; and 
second, how was the ilmenite cOTfce^bcated. 
The sediments of the Kirkwood Formation probably 
represent material that was eroded from older sediments 
of the Coastal Plain to the northwest which was carried by 
sluggish streams to the Kirkwood sea. As regression of 
the sea progressed and land rose, shore currents and waves 
o 
worked over the sandy material and eliminated some of the 
lighter grains (Markewicz, Parillo and Johnson, 1958). 
Early workers (Markewicz et al., 1958; 
Markewicz, 1969) believed that the ancestral Delaware 
River (which then flowed to the southeast) contributed 
much of the material now composing the northwestern part 
of the Cohansey Formation, the source for this material 
being the Precambrian Highlands of New Jersey.  They 
hypothesized that these sediments were deposited as the 
stream reached the Colliers Mill area where its velocity 
was reduced and its load spread out in a broad fan as allu- 
vial sheet sands.  Eventually, the Delaware drainage was 
captured just south of Trenton and diverted to the south- 
west, and deposition from this source ceased.  They 
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believe that these deposits were later reconcentrated by 
the Millstone River which is thought to have flowed 
southeast during the Pleistocene based on terrace 
elevation data. 
The more recent concept of Carter (1972, 1978) 
that the heavy minerals of the Cohansey Formation were 
deposited under marine conditions and are found in what 
he interprets as backshore-lower eolian dune deposits 
suggests that the heavy minerals were concentrated by 
storm-wave erosion of the dunes and wind-winnowing of 
the lighter grains from the beach surface. 
SAMPLES 
Samples of "ilmenite" concentrates were 
collected at the properties of (1) the Glidden-Durkee 
Division of the SCM Corporation, which operated until 1978 
an integrated open-pit mine and mill based on black-sand 
concentrations in the Cohansey Formation at Lakehurst, 
New Jersey, and (2) ASARCO, which currently operates an 
open-pit mine and mill based on black-sand concentrations 
in both the Cohansey Formation and the Kirkwood Formation. 
The ASARCO plant is located at Manchester, New Jersey. 
The samples used in this study have been classi- 
fied into three main groups as follows:  Glidden-Cohansey 
CGC), ASARCO-Cohansey (AC), and ASARCO-Kirkwood (AK). 
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ANALYTICAL METHODS 
Electron Microprobe Analysis 
Traverses were made across polished sections of 
"altered ilmenite" grains to determine their chemical 
homogeneity in terms of Fe and Ti.  All analyses were made 
with the Automated ARL electron microprobe in the Depart- 
ment of Metallurgy and Materials Science at Lehigh Uni- 
versity using an accelerating voltage of 20 kilovolts and 
a sample current of Q.05 microamperes.  Counting times 
were 30 seconds.  The standard employed was a chemically 
analyzed homogeneous ilmenite from the-vllmen Mountains, 
USSR (U.S. National Museum No. 96189).  All raw data were 
corrected for fluorescence, atomic number, and absorption 
effects with a Tracor-Northern ZAF correction program 
which is given in Appendix I. 
X-Ray Diffraction Analysis 
Four different X-ray diffraction methods were 
used in this study:  (1) powder-diffraction analysis with 
a Norelco diffractometer, C2) powder-diffraction analysis 
with a 114.6 mm Debye-Scherrer camera, C3) diffraction 
analysis of single grains with a 114.6 mm Debye-Scherrer 
camera equipped with a Gandolfi attachment, and (4) 
selected-area powder diffraction analysis with a micro- 
camera.  All X-ray analyses were carried out in the X-ray 
21 
Diffraction Laboratory of the Department of Geological 
Sciences at Lehigh University. 
Finely ground bulk samples from each of the 
three concentrates (GC, AC, and AK) were analyzed by 
standard powder diffractometry with a wide ranging 
goniometer.  High-purity elemental silicon was used as 
a standard.  The angular range scanned was 22 to 56 
degrees 29, using CuKoo radiation.  The X-ray generator 
was operated at 40 kilovolts and 20 milliamperes. 
Standard Debye-Scherrer X-ray powder diffraction 
patterns were obtained from samples consisting of two or 
three crushed grains.  A 114.6 mm camera and Mn-filtered 
FeK ,  radiation was used.  Exposure times were 10 hours. 
Single uncrushed grains were mounted on glass 
rods and placed in a standard 114.6 mm Debye-Scherrer 
camera equipped with a Gandolfi attachment to aid in 
obtaining a random X-ray powder diffraction pattern. 
Ni-filtered CuK^ and Mn-filtered FeKjQ,, radiations were 
used.  Exposures varied from 10 to 11 hours per grain at 
tube loadings to 40 kilovolts and 20 milliamperes. 
Selected-area X-ray powder diffracton studies 
were carried out on doubly-polished thin sections of ' 
grains whose maximum dimensions ranged from 500 to 1200j^m 
using a Norelco microbeam X-ray diffraction camera equipped 
with a 100-micron diameter lead-glass collimator.  A 
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beryllium metal support screen also served as an. internal 
standard in these analyses.  Preliminary work showed that 
these experiments had to be carried out with radiation of 
a relatively short wavelength in order to minimize 
exposure time.  In accord with this finding, unfiltered 
Mo radiation was monochromatized with a Supper Flat 
Graphite Monochromator and MoKoC radiation was used with 
the microcamera.  Exposure times were 18 to 20 hours per 
exposure at tube loadings of 40 kilovolts and 20 milli- 
amperes. 
SPECIAL SAMPLE. PREPARATION TECHNIQUES 
In order to study grains using the selected-area 
X-ray powder diffraction technique, it was necessary to 
prepare random thin sections through the grains in the 
form of doubly polished thin sections 35 to 60 microns 
in thickness.  These sections were first analyzed with 
the electron microprobe and then diffraction patterns 
were obtained with the microbeam camera. 
Doubly polished thin sections were made in the 
following manner.  Large grains were hand-picked from 
each of the three sample groups and mounted in Epon 828 
epoxy using a one-inch plastic ring form.  The exposed 
side of the mount was then ground and polished using 
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standard polishing grits from 320 to Linde B.  The section 
of epoxy containing the singly-polished grains was then 
sliced off the rest of the ring mount using an Isomet 
precision diamond watering blade.  The wafer of epoxy 
was then glued to a one-inch circular glass slide 
polished side down with Crystal Bond thermosetting 
cement and grinding and polishing of the newly cut sur- 
face was then carried out. 
After electron microprobe analysis, the thin 
wafer of epoxy containing the doubly-polished thin sec- 
tions of the grains was removed from the glass slide by 
dissolving the Crystal Bond in acetone.  Three grains from 
each sample (9 in all) were then cut out of the epoxy with 
a razor blade and attached to  5-mil thick beryllium 
support screens with Duco Cement.  The grains were then 
ready for selected-area X-ray powder diffraction analysis 
with the microbeam camera. 
RESULTS OF ELECTRON MICROPROBE ANALYSIS 
The results of electron microprobe analyses on 
"ilmenite" grains from the Glidden-Cohansey (GC), 
ASARCO-Cohansey (AC), and ASARCO-Kirkwood (AK) samples 
are given in Appendices II, III, and IV, respectively. 
Total Fe was reported as Fe 0 because the elemental 
2 3 
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Ti/Fe ratio for virtually all grains indicate that they 
have been enriched in Ti in excess of the Ti/Fe weight 
ratio of ideal pseudorutile which, in turn, indicates that 
essentially all of the iron has been oxidized.  This is 
supported by the average wet chemical FeO assays of produc- 
tion concentrates from the ASARCO deposits (assayed by 
ASARCO) which reveal that the concentrates contain only 
1.0-1.5% FeO.  Table 1 gives the calculated Ti/Fe weight 
ratios and oxide weight percentages for ideal stoichiometric 
ilmenite, pseudorutile, and rutile. 
The relatively low totals of all analyses 
(Appendices II, III, and IV) are apparently due to the 
porosity of the fine-grained weathered "ilmenite".  It 
was first noted under low-power microscopic examination 
of the polished surfaces of the grains that most of them 
contain one set of oriented, elongate slot-like voids 
which probably represent hematite lamellae of a primary 
ilmenite-hematite exsolution intergrowth (Figure 2). 
However, under higher magnification in the electron 
microprobe a much finer porosity was visible in the 
specimen current images.  Even grains which appeared 
unpitted at low magnification contained numerous minute 
voids (Figures 3 and 4).  The fact that the electron beam 
disappeared when moved across the black areas in Figures 
2, 3, and 4 clearly indicates that they actually represent 
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TABLE 1.  Weight Percentages of FeO, Fe203, and Ti02 and 
Ti/Fe Weight Ratios for Ideal Stoichiometric 
Ilmenite, Pseudorutile and Rutile. 
Mineral 
Name 
Weight % 
FeO 
Weight % 
Fe2°3 
Weight % 
Ti02 
Weight 
Ratio 
Ti/Fe 
Ilmenite 
FeTiCU 
47.30 
** 
52.70 0.86 
Pseudo- 
rutile 
Fe2Ti309 
— 39.98 60.02 1.29 
Rutile 
Ti02 
— — 100.0 
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o Figure 2. Specimen-current image in the electron 
microprobe of large, elongated cavities 
in "altered ilmenite".  This is a high- 
magnification image of the grain shown 
in Figure 7. 
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voids in the grains and not a separate mineral phase. 
Furthermore, Grey and Reid (1975) calculated that there 
is a volume reduction of about six percent associated 
with the chemical transformation of ilmenite to 
pseudorutile.  This effect, coupled with the occurrence 
of oriented slot-like voids would account for the low 
totals obtained with the electron microprobe. 
The electron microprobe data from all three 
groups of samples indicate that there is no systematic 
core to rim variation in the Fe and Ti concentration of 
these grains.  A chemical zonation of Fe and Ti across 
each grain would be expected if a chemical weathering 
profile was present. 
Tables 2, 3, and 4 give the mean and standard 
deviation per grain of the weight percentages of Fe203 
and TiC>2 an^ the Ti/Fe weight ratio of each of the grains 
of the Glidden-Cohansey (GC), ASARCO-Cohansey (AC), and 
ASARCO-Kirkwood (AK) samples.  These tables indicate 
that all the grains studied have mean values of weight % 
Fe2^3 which are less than that of ideal pseudorutile 
(Table 1), thus indicating that a high-Ti phase is 
intimately associated with the pseudorutile.  Some 
grains, however, (13 out of 32) have slightly lower 
weight percentages of Ti02 than ideal thus suggesting 
that these grains have a composition which closely 
28 
Figure 3. Specimen-current image in the electron 
microprobe of small, elongated cavities in 
"altered ilmenite".  This is a high- 
magnification image of the grain shown in 
Figure 8. 
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Figure 4. Specimen-current image in the electron 
microprobe of an "altered ilmenite" 
grain which appears to be relatively 
free of voids at low magnification 
(Figure 9); at high magnification many 
small randomly distributed voids are 
visible. 
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approximates that of pure pseudorutile.  The other 19 
grains contain a higher average weight percentage of 
TiOo than ideal pseudorutile.  It is important to note 
that the grains which have the highest weight % of Fe2C>3 
have the lowest weight % of Ti02/ and vice.versa.  This is 
also true within each grain, that is, points which have a 
higher percentage of Fe20-j have a lower percentage of 
Ti02.  The latter effect is particularly marked as the 
weight % Fe203 falls below 30.00.  This antipathetic 
relationship indicates that Ti02 is concentrated in 
areas which have been leached of Fe selectively, and 
that the greater the degree of iron leaching, the 
greater the concentration of Ti02. 
The average Ti/Fe weight ratio for each grain 
most closely approximates the Ti/Fe weight ratio for 
pseudorutile, but in most grains this ratio is at least 
slightly higher than that of ideal pseudorutile.  These 
higher values indicate that both pseudorutile and rutile 
(or some other polymorph of TiC>2) are present and that 
no residual ilmenite remains.  The higher the Ti/Fe 
ratio, the less pseudorutile and the more Ti02 must be 
present. 
Some grains did have a Ti/Fe ratio slightly 
lower than 1.29, which indicates that some residual 
ilmenite may be present in these grains.  However, it 
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should be noted that ratios lower than 1.29 occurred in 
only three of a total of 32 grains, so such a low ratio 
appears to be the exception rather than the rule. 
One grain from the ASARCO-Kirkwood (AK) sample 
(Grain 4, Appendix IV) had a protuberance which con- 
sisted predominantly of Fe203- '"This Fe-rich material was 
most likely accreted onto the outer surface of the grain. 
The main body of the grain is fairly rich in Ti02 
(mean = 64.23 weight percent TiC^)•  The contrasting 
textures of the Fe-rich and Ti-rich areas can be seen 
in Figure 5. 
In summary, the main conclusions from the 
electron microprobe results are as follows: 
1. There is no systematic core to rim zonation 
in terms of iron and titanium in the grains which were 
analyzed. 
2. Most of the grains studied consist, for 
the most part, of two phases, namely, pseudorutile, which 
is the dominant phase, and a variable but minor amount 
of some polymorph or polymorphs of Ti02- 
3. "Altered ilmenite" grains are very porous. 
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Figure 5.  Specimen-current image in the electron 
microprobe of an "altered ilmenite" grain 
with a protuberance of Fe-rich material. 
The darker more regularly pitted area is 
the "altered ilmenite" whereas the lighter 
area represents the Fe-rich phase.  This 
grain is from the ASARCO-Kirkwood sample. 
<a 
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RESULTS OF X-RAY DIFFRACTION STUDIES 
0 
Bulk-Sample Diffractometer Analysis 
Diffractometer runs were made on finely ground 
bulk samples of concentrates from each of the three 
sample groups (Glidden-Cohansey (GC), ASARCO-Cohansey (AC), 
and ASARCO-Kirkwood (AK)).  The results of these runs are 
given in Tables 5, 6 and 7. 
Analysis of these data based on the intensities 
and d-spacings of known crystalline phases in the system 
FeO-Fe203~Ti02 shows that all three samples consist 
predominantly of pseudorutile although subordinate amounts 
of rutile are also present.  The Glidden-Cohansey and 
ASARCO-Kirkwood samples also contain minor amounts of 
ilmenite, whereas ilmenite was not unequivocally 
detected in the ASARCO-Cohansey sample. 
It should be noted that there were a few peaks 
which could not be attributed conclusively to any of the 
known Fe-Ti oxide minerals (Table 5 - d = 3.338; 
Table 6 - d = 3.35&; Table 7 - d = 3.34A*, d = 1.82A*). 
These peaks are most likely due to the presence of a 
small amount of quartz in the bulk sample, inasmuch as 
o 
3.34A is the most intense diffraction peak of quartz and 
1.82A is the third most intense diffraction peak (JCPDS 
Powder Diffraction File No. 5-490).  The absence of the 
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second most intense diffraction peak, of quartz 
(d = 4.26ft> is due to the fact thai this line lies 
outside the angular range scanned.  Subsequent scanning 
of the low-angle range revealed the presence of this 
diffraction peak'. 
The 1.67 ft peak in Table 7 was assigned to the 
1.67 ft line of anatase, but since the strongest line of 
anatase (d = 3.5lft) is not present on the pattern, 
the validity of this assignment is doubtful.   S 
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TABLE 5.  Results of Diffractometer Trace of 
Bulk Glidden-Cohansey Sample.  CuK«c 
radiation, 22° to 56° 29.  d=diffuse. 
dA obs. I/Io 
Pseudorutile Rutile Ilmenite 
d8 I d8 I d8 I 
3.89 
3.33 
3.25 
2.75 
2.49 
2.30 
2.19 
1.72 
1.69 
30d 
25 
45 
40d 
45 
10 
50 
15 
100 
3.85 
2.77 
2.49 
2.30 
2.19 
1.69 
40d 
40d 
60 
4 
50 
100 
3.25 
2.49 
2.30 
2.19 
1.69 
100 
50 
8 
25 
60 
2.74 
1.72 
100 
100 
Ti 
Note:  The data listed for pseudorutile, rutile, and 
ilmenite are from the JCPDS Powder Diffraction File, 
card numbers 19-635, 21-1276, and 3-781, respec- 
tively. 
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TABLE 6.  Results of Diffractomater Trace of 
Bulk ASARCO-Cohansey Sample.  CuKoc 
radiation, 22° to 56° 29.  d=diffuse. 
dA obs. I/Io 
Pseudorutile Rut i 112 Ilmenite 
d£ I d£ I dX I 
3.88 30d 3.85 40d 
3.35 30 
3.25 50 3.25 100 
2.76 20d 2.77 40d 2.74 100 
2.49 50 2.49 60 2.49 50 
2.30 10 2.30 4 2.30 8 
2.19 40 2.19 50 2.19 25 
1.83 5 
1.69 100 1.69 100 1.69 60 
Note:  The data listed for pseudorutile, rutile, and 
ilmenite are from the JCPDS Powder Diffraction File, 
card numbers 19-635, 21-1276, and 3-781, respec- 
tively. 
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TABLE 7.  Results of Diffractometer Trace of Bulk 
ASARCO-Kirkwood Sample.  CuKec radition, 
22° to 56° 28.  In Ti02 column R=rutile, 
A=anatase. d=diffuse. 
dA obs. I/Io 
Psuedorutile Ti02 Ilmenite 
dS I d8 I d8 I 
3.90 40d 3.85 40d 
3.34 48 
3.25 50 R 3.25 100 
2.75 25d 2.77 40d 
2.71 30d 2.74 100 
2.50 50 2.49 60 R 2.49 50 
2.30 19 2.30 4 R 2.30 8 
2.19 50 2.19 .50 R 2.19 25 
1.82 5 
1.71 20 1.72 100 
1.69 100 1.69 100 R 1.69 60 
1.67 30 A 1.67 20 
Note:  The data listed for pseudorutile, rutile, anatase, 
and ilmenite are from the JCPDS Powder Diffraction 
File, card numbers 19-635, 21-1276, and 3-781, 
respectively. 
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Single-Grain Patterns with, a Debye-Scherrer Camera 
Equipped with: a Gandolfi Attachment 
X-ray diffraction patterns of nine single grains 
(three from each of the three sample groups) were obtained 
with a Debye-Scherrer camera using Ni-filtered CuK „c. 
radiation.  Inasmuch as the grains appeared to be composed 
of very fine crystallites, it was anticipated that standard 
Debye-Scherrer arcuate patterns would be obtained.  However, 
a spot pattern (Figure 6) was obtained instead which is 
apparently due to the high degree of orientation of the 
crystallites which make up the grain.  Patterns were then 
obtained from the same grains with a Debye-Scherrer camera 
equipped with a Gandolfi attachment to aid in randomization 
of the crystallites (Figure 6).  This method was successful 
in producing arcuate patterns which could be used for 
phase identification. 
The results of this study are presented 
in Tables 8, 9 and 10.  The data indicate that the 
grains in all the samples consist dominantly of 
pseudorutile.  Minor but variable amounts of rutile 
are also present in some of the grains.  The ASARCO- 
Cohansey (AC) and ASARCO-Kirkwood (AK) grains 
(Tables 9 and 10, respectively) appear to contain 
more rutile than the Glidden-Cohansey (GC) grains 
(Table 8).  One grain from the Kirkwood Formation 
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Figure 6. Difference between a single-grain standard 
Debye-Scherrer pattern (top) and the pattern 
obtained from the same grain with a Debye- 
Scherrer camera equipped with a Gandolfi 
attachment (bottom). 
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TABLE 8.  Debye-Scherrer Results on Single Grains 
from the Glidden-Cohansey Concentrate 
Using a Gandolfi Attachment.  Ni-filtered 
CuKoe radiation. 
Grain No. dA obs. I/IQ 
Pseudorutile Rutile 
dA I 
0 
dA • I 
1 2.47 25 2.49 60 2.49 50 
2.19 30 2.19 50 2.19 25 * 
1.69 100 1.69 100 1.69 60 
2 3.23 5 3.25 100 
2.47 30 2.49 60 2.49 50 
2.18 30 2.19 50 2.19 25 
1.69 100 1.69 100 1.69, 60 
3 2.47 25 2.49 -60 2.49 60 
2.17 30 2.19 50 2.19 25 
1.68 100 1.69 100 1.69 60 
Note: The data listed for pseudorutile and rutile are from 
the JCPDS Powder Diffraction Pile, card numbers 
19-635 and 21-1276, respectively. 
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TABLE 9.  Debye^Scherrer Results on Single Grains 
from the ASARCO-Cohansey Concentrate 
Using a Gandolfi Attachment.  Ni-^filtered 
CuKoc radiation.  d=diffuse. 
Grain No. d8 obs. I/Io 
Pseudorutile Rutile 
d8 I ■dX I 
1 3.22 15 3.25 100 
2.47 40 2.49 60 2.49 50 
2.18. 50 2.19 50 2.18 25 
1.69 100 1.69 100 1.69 60 
, 1.63 5 1.63 40d 1.62 20 
2 3.23 10 3.25   100 
2.48 40 2.49 60 2.49 50 
2.28 20 2.30 4 2.30 8 
2.18 40 2.19 50 2.18 25 
1.68 100 1.69 100 1.69 60 
1.63 5 1.63 40d 1.62 20 
3 3.25 10 3.25 100 
2.49 25 2.49 60 2.49 50 
2.18 30 2.18 50 2.19 25 
1.68 • 100 1.69 100 1.69 60 
Note:  The data listed for pseudorutile and rutile are from 
the JCPDS Powder Diffraction File, card numbers 
19-635 and 21-1276, respectively. 
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TABLE 10. Debye-Scherrer Results on Single Grains from the ASARCO-Kirkwood Concentrate 
Using a Gandolfi Attachment.  Ni-filtered 
CUK.C radiation.  In Ti02 column, R = rutxle, 
A = anatase.  d=diffuse. 
Grain No. dA* obs. I/I0 
Pseudorutile Ti02 
dA I c& I - 
1 3.50 5 A 3.51 100 
3.23 10 R 3.25 100 
2.47 20 2.49 60 R 2.49 50 
2.18 30 2.19 50 R 2.19 25 
1.68 100 1.69 100 R 1.69 60 
2 3.23 20 R 3.25 100 
2.48 30 2.49 60 R 2.49 50 
2.19 30 2.19 50 R 2.19 25 
1.68 100 1.69 100 R 1.69 60 
1.63 5 1.63 40d R 1.62 20 
3 2.48 20 2.49 60 R 2.49 50 
2.18 20 2.19 50 R 2.19 25 
1.69 100 1.69 100 R 1.69 60 
Note:  The data listed for pseudorutile, rutile, and anatase 
are from the JCPDS Powder Diffraction File, card 
numbers 19-635, 21-1276, and 21-1272, respectively. 
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(Grain 1, Table 10} also shows a very weak line at 
d=3.50A which indicates a small amount of anatase in 
addition to pseudorutile and rutile. 
The number of lines on these patterns is 
unusually low.  At first this was attributed to the fact 
that the patterns were run on CuK„o rather than FeK^ 
radiation, but re-running one of the grains with FeKoe 
radiation did not result in any more lines.  The small 
number of lines was then attributed to incomplete pene- 
tration of the grains so that only the strongest lines 
were obtained.  In order to check this hypothesis, 
samples consisting of two to three crushed and finely 
ground grains were run with a standard Debye-Scherrer 
camera.  The results of this work are discussed in the 
next section. 
Debye-Scherrer Powder-Diffraction Patterns 
Debye-Scherrer patterns were obtained from 
samples consisting of two or three crushed grains from 
each of the three sample groups.  Most of the grains 
used for this purpose were not the same grains from 
which X-ray patterns were acquired earlier (see Single- 
Grain Patterns with a Debye-Scherrer Camera Equipped 
with a Gandolfi Device).  Grains 1 and 2 (Table 10) 
from the Kirkwood sample, however, were powdered and used 
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for this study in order to obtain a direct comparison. 
The results of this study are given in Table 
11.  The Glidden- and ASARCO-Cohansey patterns correlate 
well with the relative intensities and d-spacings of 
pseudorutile, whereas the ASARCO-Kirkwood pattern may 
be attributed to a mixture of pseudorutile (major), 
rutile (subordinate), and a minor amount of anatase. 
Anatase was expected in this sample because it was also 
detected in the X-ray pattern of Grain 1 (uncrushed). 
Table 11 shows that for the ASARCO-Kirkwood 
sample the number of diffraction lines acquired on Debye- 
Scherrer patterns of crushed grains is not any greater 
than that obtained on diffraction patterns of single 
grains using a Gandolfi attachment.  For the Glidden- 
Cohansey and ASARCO-Cohansey samples, which appear to 
consist solely of pseudorutile, one additional weak line 
was present on both the patterns (d=2.77A).  This indi- 
cates that lack of penetration was not the reason for the 
small number of lines on the single-grain patterns.  One 
possible explanation for the absence of weaker lines on 
these patterns is that the crystallites which comprise 
the grains are extremely minute (less than 1000&) and the 
result is line-broadening and loss of definition.  Thus 
only the strong lines are present on the patterns because 
the weaker lines have been broadened to the point where 
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TABLE 11. Debye-Scherrer Results on Powdered Samples 
of 2 or 3 Grains for Glidden-Cohansey, 
ASARCO-Cohansey and ASARCO-Kirkwood, 
Mn-filtered FeK*C radiation.  In Ti02 column, 
R=rutile, A=anatase.  d=diffuse. 
Sample dA obs. I/I 
. o 
Pseudorutile Ti02 
dA I d£ I 
Glidden 2.78 20d 2.77 40d 
Cohansey 2.48 50 2.49 60 R 2.49 50 
2.18 60 2.19 50 R 2.19 25 
1.69 100 1.69 100 R 1.69 60 
ASARCO 2.77 lOd 2.77 40d 
Cohansey 2.47 50 2.49 60 R 2.49 50 
2.17 60 2.19 50 R 2.19 25 
1.68 100 1.69 100 R 1.69 60 
ASARCO 3.50 5 A 3.51 100 
*>• 
Kirkwood 3.23 50 R 3.25 100 
2.48 40 2.49 60 R 2.49 50 
2.19 50 2.19 50 R 2.19 25 
1.69 100 1.69 100 R 1.69 60 
Note:  The data listed for pseudorutile, rutile, and 
anatase are from the JCPDS Powder Diffraction 
File, card numbers 19-635, 21-1276, and 21-1272, 
respectively. 
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they are no longer distinguishable from the background. 
The concept of a very small crystallite size 
for these grains is in agreement with the work of Temple 
(1966) who suggested a crystallite•size of about 30A 
for pseudorutile and 500A for the Ti02' 
Selected-Area X-ray Diffraction With a Microbeam Camera 
In order to determine the, spatial distribution 
of the mineral species in "altered ilme'nite" grains, 
three grains from each of the three samples (Glidden- 
Cohansey, ASARCO-Cohansey, and ASARCO-Kirkwood) were 
examined with a Philips microbeam camera.  Inasmuch as 
the crystallite size of the phases which constitute 
these grains is very small, standard polycrystalline 
ring patterns were anticipated from the areas selected. 
Three exposures per grain were made with a 100/^m 
collimator - one at the edge of the grain, one at its 
center, and one between the first two.  All exposures 
were made using monochromatized MoK<£ radiation. 
The grains selected for this study ranged in 
size from 500 to 1200>v.ni.  Random sections were doubly 
polished and mounted on a 5-mil thick beryllium support 
screen.  The polished sections revealed the presence of 
abundant oriented voids (Figures 7 and 8).  One polished 
section did not show any oriented voids (Figure 9). 
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Figure 7. Photomicrograph of a polished section of an 
"altered ilmenite" grain from the ASARCO- 
Kirkwood sample showing relatively coarse 
oriented voids which most likely represent 
the exsolved hematite lamellae of an original 
ilmenite-hematite exsolution intergrowth. 
Reflected light.  136X. 
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Figure 8. Photomicrograph of a polished section of an 
"altered ilmenite" grain from the ASARCO- 
Kirkwood sample showing relatively small 
oriented voids which most likely represent 
exsolved hematite lamellae of an original 
ilmenite-hematite exsolution intergrowth. 
Reflected light.  136X. 
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Ci 
Figure 9. Photomicrograph of a polished section of an 
"altered ilmenite" grain from the 
Glidden-Cohansey sample which is essentially 
free of oriented voids.  The orientation of 
this polished section is probably near- 
perpendicular to the c-axis of the original 
ilmenite-hematite exsolution intergrowth. 
Reflected light.  136X. 
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Figure 10. Microbeam X-ray diffraction patterns of three 
random sections from three grains from the 
Glidden-Cohansey sample.  Horizontal rows 
represent the patterns obtained with a 
lOO^m collimator across each grain from the 
edge (left) to the center (right).  Patterns 
in the first row are from grain 7, Table 2; 
the second row from grain 8, Table 2 (shown 
in Figure 9); the third row from grain 9, 
Table 2.  MoK«c radiation was used to obtain 
these patterns. 
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Figure 11. Microbeam X-ray diffraction patterns for 
three random sections from three grains 
from the ASARCO-Cohansey sample.  Horizontal 
rows represent the patterns obtained with a 
100.Mm collimator across each grain from the 
edge (left) to the center (right).  Patterns 
in the first row are from grain 1, Table 3; 
the second row from grain 2,   Table 3; the 
third row from grain 7, Table 3.  MoKcC 
radiation was used to obtain these patterns. 
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Figure 12. Microbeam X-ray diffraction patterns for three 
random sections from three grains from the 
ASARCO-Kirkwood sample.  Horizontal rows 
represent the patterns obtained with a lOOj^m 
collimator across each grain from the edge 
(left) to the center (right).  Patterns in the 
first row are from grain 12, Table 4; the second 
row from grain 13, Table 4 (shown in Figure 8); 
the third row from grain 14, Table 4 (shown in 
Figure 7).  MoKoC radiation was used to obtain 
these patterns. 
57 
The patterns obtained by selected-area micro- 
beam diffraction are shown in Figures 10, 11 and 12. 
The diffraction rings present on each pattern are from 
the fine-grained polycrystalline beryllium support screen 
whereas the diffraction spots are due to the crystalline 
phases of the "altered ilmenite".  The spot and streak 
patterns are due to the high degree of orientation of the 
minute crystallites which thus constitute pseudo-single 
crystals.  The magnitude of the departure from a spot 
pattern toward a streak pattern is a measure of the 
angular misalignment of the crystallites from that of an 
ideal pseudo-single crystal. 
The presence of diffraction spots rather than 
rings on the microbeam patterns of the "altered ilmenite" 
is unfortunate because these spot patterns cannot be used 
to determine the mineralogical composition of the 
irradiated volume, and, thereby, the degree of mineralogical 
zoning in these grains.  Although the microcamera results 
cannot be used quantitatively, they can be used, qualita- 
tively, for if the grains had a pronounced rim to core 
zonation of mineral phases the spot pattern would change 
as different proportions of the phases were encountered. 
The fact that these patterns are consistent for all three 
exposures on each random section through each single grain 
indicates that there is no significant mineralogical 
58 
zoning in these grains.  This is in accord with the 
electron microprobe results. 
(,     The microbeam X-ray diffraction patterns of the 
section from Glidden-Cohansey grain 2 (Figure 10, row 2) 
are interesting because they exhibit six-fold symmetry. 
It is also interesting to note that this grain as seen 
in reflected light in polished section is unique because 
it does not show any oriented voids (Figure 9).  It is 
possible that this section was cut perpendicular to the 
c-axis of the original ilmenite-hematite exsolution inter- 
growth so that, although the slot-like voids which repre- 
sent the hematite lamellae are present, they are not 
visible in this section.  The six-fold symmetry pattern 
of the spots also suggests that the pseudorutile 
crystallites are oriented topotactically with the 
original ilmenite-hematite intergrowth with the c-axis 
of the ilmenite-hematite parallel to the c-axis of the 
pseudorutile. 
SCANNING ELECTRON MICROSCOPY 
Several grains from each of the three samples 
were examined with the scanning electron microscope in 
order to determine the crystallite size of the pseudo- 
rutile and rutile which constitute the grains and to image 
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the oriented texture of the crystallites on natural and 
freshly broken surfaces.  This work was carried out with 
an ETEC Scanning Electron Microscope in the Department of 
Metallurgy and Materials Sciences at Lehigh University. 
The natural (detrital) surfaces of the weathered 
grains show a set of oriented slot-like voids (Figure 13, 
Figure 15a) which probably represents the leached hematite 
lamellae of the original ilmenite-hematite exsolution 
intergrowth.  This texture is equivalent to that observed 
on most of the polished sections of grains.  The freshly 
broken surfaces show an abundance of oriented plates 
separated by oriented slot-like voids which represent 
leached out hematite lamellae (Figure 14b and c, Figure 
16; Figure 17).  The textural contrast between a freshly 
broken surface and a natural detrital surface is shown 
in Figures 14a and 15b.  At very high magnifications 
freshly broken surfaces may show a second fracture set 
at a high angle to the plate structure (Figure 14c). 
The general texture and structure of the plates 
and voids is strikingly similar from grain to grain in 
each sample and between samples.  Both the plates and the 
voids are strongly oriented.  Although the crystallite 
size could not be resolved on the scanning electron 
microscope, a conservative estimate is that the crystallite 
size must be less than about 300& inasmuch as the resolution 
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Figure 13. Scanning electron micrographs of the natural 
surface of an "altered ilmenite" grain from 
the Glidden-Cohansey sample at both low 
magnification (top) and high magnification 
(bottom).  Oriented voids on surface represent 
leached hematite lamellae. 
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Figure 14.  Scanning electron micrographs of an 
"altered ilmenite" grain from the 
ASARCO-Cohansey sample showing in 
(a) both1 freshly broken and natural 
surfaces, in (b) the freshly broken 
surface at a slightly higher magnifica- 
tion, and in (c) the freshly broken surface 
at a much higher magnification.  Note a 
fracture set in (c) at a high angle to the 
oriented plates and slot-like voids. 
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Figure  14a. 
Figure 14c. 
63 
Figure 15.  Scanning electron micrographs of an 
"altered ilmenite" grain from the 
ASARCO-Kirkwood sample showing in 
(a) a natural surface with numerous 
oriented slot-like voids, in (b) both 
natural and freshly broken surfaces, 
and in (c) the freshly broken surface 
at a higher magnification. 
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Figure 15a. 
Figure 15b. 
Figure 15c. 
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V 
Figure 16. Scanning electron micrograph of an 
"altered ilmenite" grain from the 
ASARCO-Kirkwood sample showing a 
freshly broken surface normal to the 
oriented voids. 
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Figure 17. Scanning electron micrograph of the freshly 
broken surface of an "altered ilmenite" 
grain from the ASARCO-Kirkwood sample 
showing oriented platelets separated by 
oriented slot-like voids.' 
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of this instrument is approximately 200A.  It is known 
from the microbeam diffraction studies that the 
crystallites are strongly oriented and perhaps this is 
indicated as well by the oriented plates and slot-like 
voids. 
The information obtained with the scanning 
electron microscope therefore is compatible with the 
results of the X-ray studies reported above as well as 
the results of Temple (1966).  The SEM results indicate 
that the crystallites which constitute the "altered 
ilmenite" grains are very tiny and are probably highly 
oriented. 
TRANSMISSION ELECECTRON MICROSCOPY 
Inasmuch as the crystallite size of the "altered 
ilmenite" was below the resolution limit of the scanning 
electron microscope an attempt was made to determine the 
crystallite size by means of transmission electron micro- 
scopy.  Six grains from the Glidden-Cohansey sample were 
finely powdered and suspended in ethanol.  Large particles 
were allowed to settle rout and the particles which remained 
in suspension were picked up on a plastic- and carbon- 
coated Cu grid. 
Transmission electron microscopy was carried out 
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with a Phillips EM 300  Transmission Electron Microscope 
in the Department of Metallurgy and Materials Science, 
Lehigh University.  The operating voltage was 100 
kilovolts. 
Figure 18 is a selected-area electron diffrac- 
tion pattern obtained from a . 25/n.m particle of crushed 
material.  This spot pattern indicates that the particle 
is either an oriented aggregate of crystallites or a 
near-single crystal.  The six-fold symmetry of this pat- 
tern indicates that the electron beam was parallel to 
the c-axis of the hexagonal phase.  Particles as small 
as 1000 A (O.lAm) also gave spot patterns.  Figure 19 
is another spot pattern obtained from a 1/t.m region of 
a large fragment.  The rectangular pattern of the spots 
indicates that the electron beam was near-parallel to 
a two-fold symmetry axis which means that the electron 
beam was near-parallel to one of the a-axes of the 
hexagonal phase.  Particles as small as 1000 A yielded 
near-single crystal spot patterns which show very little 
spot distortion or streaking thus suggesting that these 
particles must be composed of highly oriented aggre- 
gates of even smaller crystallites. 
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Figure 18. Selected^area electron diffraction pattern 
of "altered ilmenite" obtained from a 
.25j4,m  particle of "altered ilmenite" from 
the Gliddenr-Cohansey Deposit.  Note spot 
pattern with six-fold symmetry. 
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c; 
Figure 19 Selected-area electron diffraction pattern 
of "altered ilmenite" obtained from a 
IMjn  diameter area of a larger particle of 
"altered ilmenite" from the Glidden-Cohansey 
Deposit.  The spot pattern indicates that the 
particle is composed of numerous oriented 
crystallites which form a pseudo-single 
crystal.  Note the two-fold symmetry of the 
pattern. 
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THE MECHANISM OF ILMENITE ENRICHMENT 
IN THE ZONE OF WEATHERING 
Optical microscopy and scanning electron 
microscopy of "altered ilmenite" grains from the Kirkwood 
and Coha'nsey Formations indicate that the original 
detrital grains were probably ilmenite-hematite exsolu- 
tion intergrowths.  The/hematite lamellae are now repre- 
sented by oriented slot-like voids within the "altered 
ilmenite" grains which are highly porous.  Electron micro- 
probe analysis indicates a lack of systematic core to rim 
zonation of Fe and Ti concentrations within the altered 
ilmenite grains. 
The Ti/Fe ratio of the "altered ilmenite" grains 
suggests that they consist dominantly of pseudorutile 
which is intimately associated with smaller but very 
variable amounts of rutile.  This conclusion is supported 
by X-ray powder diffraction data for both bulk samples 
and single grains, although the Glidden-Cohansey and 
ASARCO-Kirkwood bulk samples also indicate the presence 
of minor amounts of ilmenite. 
X-ray diffraction patterns of single grains 
taken with a Debye-Scherrer camera and selected areas 
on polished sections of single grains taken with a micro- 
beam camera indicate that the "altered ilmenite" grains 
consist of highly oriented crystallites which constitute 
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pseudo-single crystals.  Scanning electron microscopy 
suggests a crystallite size which, is less than 300 A. 
These findings are in agreement with the results of trans- 
mission electron microscopy and the earlier conclusion 
of Temple C1966). 
The results of this study support the concept 
of Temple (1966) and Grey and Reid (1975) that the 
transformation of ilmenite to pseudorutile involves a 
topotactic reaction as follows: 
3Fe+2Ti03 + 3/4 02 ^   Fe+3Ti3Og + 1/2 Fe203. 
(ilmenite) (pseudorutile) 
+2 This reaction involves oxidation of all the Fe  in 
ilmenite and the release and removal by leaching of 1/3 
+3 
of the total Fe.  Further removal of Fe  from pseudo- 
rutile by leaching results in the formation of Ti02 
which occurs dominantly in the form of rutile intimately 
associated with the residual pseudorutile.  The fact 
that the grains from each deposit vary widely in the per- 
centage of rutile probably indicates that the chemical 
breakdown of pseudorutile is highly dependent on local 
conditions.  Inasmuch as this reaction takes place at 
ambient temperature and pressure such variations are 
not surprising. 
Temple's (.1966) analytical results for a series 
of drill-hole samples taken from a black-sand deposit of 
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"altered ilmenite" in Florida showed that below the 
water-table level (7 feet below the surface), the 
composition of the altered material was almost constant, 
with weight percentages of Ti02/ FeO, and Fe20 of 
about 66, 2.5, and 30 percent, respectively, which are 
close to the ideal composition of pseudorutile, whereas 
above the water table the composition changed markedly with 
Ti02 analyses up to 83% and Fe2Oo less than 15%.  These 
observations led Grey and Reid (1975) to propose a two- 
stage mechanism for the alteration of ilmenite to rutile. 
The first stage (ilmenite to pseudorutile) occurs in the 
zone of saturation, with oxidation and leaching pro- 
ceeding via an electrochemical corrosion process whereby 
in situ anodic oxidation of ferrous iron (Fe+^—*Fe+3 + e) 
produces electrons which move through the ilmenite to the 
surface and take part in the cathodic reduction of oxygen 
(l/402+l/2H20—> 1/3 (OH)^3 ) in the ground water.  They 
point out that complete oxidation of the ferrous iron in 
the ilmenite to ferric iron releases one electron which 
will produce just enough hydroxyl ion (or some other 
unnamed negatively charged anion) at the cathode to 
remove in solution one-third of the ferric iron produced.  ' 
The second stage of alteration (pseudorutile to rutile) 
occurs in the zone of oxidation via a leaching and 
reprecipitation process with both the iron oxide and 
74 
titanium oxide going into solution and the titanium oxide 
then being reprecipitated epitaxially with respect to 
the pseudorutile. 
Grey and Reid (1975) also point out that the 
stoichiometry of pseudorutile corresponds to the maximum 
removal of Fe from the ilmenite structure without removal 
of oxygen, according to the equation: 
3Fe+2Ti03 > Fe2+3Ti309 + Fe+3 
That is, up to the point of conversion of all Fe+2 to 
+3 Fe  the change in chemical composition can be accounted 
for by metal-ion diffusion and oxidation at the crystal 
surface.  The further removal of Fe by leaching to eventu- 
ally produce rutile involves the removal of oxygen as 
well, according to the reaction: 
Fe+2Ti309 > 3Ti02 + 2Fe+3 + 30~2 
Fe2°3 
Grey and Reid believe that these reactions account for 
why pseudorutile is formed as a stable phase which is 
relatively resistant to further decomposition. 
Dimanche and Bartholome (1976) have proposed a 
different mechanism for the alteration of ilmenite.  They 
believe that the transformation of ilmenite to pseudo- 
rutile occurs under slightly reducing conditions (the Eh 
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must be low enough for iron to be soluble as Fe+2 and the 
pH must be slightly acidic) whereby one-third of the 
ferrous iron is leached from the ilmenite as Fe+2 and 
the remaining two-thirds simultaneously oxidized, 
according to the reaction: 
3Fe+2TiO + 2H+ + l/202 >   Fe+3Ti 0 + Fe+2 + HO. 
They propose that the second step of alteration (pseudo- 
rutile to rutile) occurs by reduction of the Fe+3 to 
Fe+2 and transport in solution of the resulting Fe+2 
according to the reaction: 
Fe^TigOg + 2H+ > 3Ti02 + 2Fe+2 + H20 + 02. 
The strength of this hypothesis is that Fe+2 is produced 
which is then available for solution and transport be- 
cause of its relatively high solubility as opposed to the 
view of Grey and Reid who appeal to some hypothetical 
anion complex of Fe+3 in order to transport the iron. 
The weakness of the Dimanche and Bartholome hypothesis 
however is that oxidation must occur at the ilmenite sur- 
face but reduction must occur at the pseudorutile surface. 
The observation of a layer of limonite-cemented 
quartz sand beneath the black sand of the Cohansey Forma- 
tion would indicate that the iron was leached from the 
ilmenite, transported a short distance (feet) and 
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precipitated^as limonite.  If the iron was indeed trans- 
ported as Fe+2/ it may have been precipitated in a 
discrete horizon due to oxidation and the relative 
insolubility of Fe+^.  If the leached iron was transported 
in the ferric state, it would more likely have been 
precipitated within the black sand or directly below the 
black sand.  Therefore, the observed discrete layer of 
limonite-cemented quartz sand which is separated from the 
black sand by several feet of relatively iron-free quartz 
sand seems to support the view of Dimanche and Bartholome' 
(1976) rather than that of Grey and Reid (1975). 
The presence of the limonite-cemented quartz 
sand in the Cohansey Formation clearly indicates that the 
alteration of the black-sand has occurred in situ, rather 
than prior to or during transportation.  This is one of 
the few examples in petrology where it is possible to 
observe the residual parent material and the material which 
was leached from it.  Although limonite-cemented layers 
have not been observed in the Kirkwood Formation beneath 
the black-sand layers because of lack of exposures, it 
is highly probable that the black-sand deposits of the 
Kirkwood Formation were also leached in situ.  The 
observation of an accretionary protuberance on one of 
the Kirkwood grains which consists predominantly of 
iron-rich material lends support to this view. 
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The results of this study show that the Kirkwood 
"ilmenite" is pot significantly different from the Cohansey 
"ilmenite" in terms of mineralogical composition, chemis- 
try, and microstructure. There is no evidence to suggest 
that the Kirkwood "ilmenite" is any less altered than the 
Cohansey samples as was suggested by Puffer and Cousminer 
(1974). 
If the Precambrian gneisses and granulites of 
northwestern New Jersey constitute the provenance of the 
detrital black-sand deposits in the Tertiary formations 
of the New Jersey Coastal Plain, then it is strange that 
these deposits do not contain magnetite as well as 
"ilmenite" inasmuch as both magnetite and ilmenite are 
common minerals in these metamorphic source rocks.  In fact, 
magnetite is probably far more abundant in these rocks 
than ilmenite.  However, the processes of intense oxida- 
tion and iron leaching which transformed the detrital 
ilmenite grains in situ into pseudorutile and minor rutile 
would have resulted in the total destruction of any detrital 
magnetite in these black-sand deposits.  As a result, the 
"altered ilmenite" grains which now constitute these 
deposits were virtually all derived from original detrital 
ilmenite-hematite solid-solution intergrowths and are, 
therefore, remarkably homogeneous in both mineralogical 
composition and microstructure. 
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CONCLUSIONS 
The following salient conclusions were drawn 
on the basis of this study: 
1. The black-sand grains of the Kirkwood and 
Cohansey Formations have been intensely altered and now 
consist dominantly of pseudorutile with subordinate but 
variable amounts of rutile.  Ilmenite is at best a minor 
constituent of these sands. 
2. Prior to weathering, the detrital black- 
sand grains of the Kirkwood and Cohansey Formations 
consisted of ilmenite-hematite exsolution intergrowths. 
The hematite has been completely leached from the grains 
and is now represented by oriented lamellar voids. 
3. The crystallites which compose the "altered 
ilmenite" (grains are highly oriented and form pseudo- 
single crystals which supports the view that the trans- 
formation of ilmenite to pseudorutile involves a topo- 
tactic reaction. 
4. The transformation of the black sand grains 
of the Kirkwood and Cohansey Formations to pseudorutile 
and rutile occurred through in situ weathering processes 
involving oxidation and selective leaching of iron. 
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APPENDIX I.  Electron Microprobe ZAF Correction. Program 
used to analyze all samples for Ti and Fe. 
Oxygen calculated by difference.  Standard: 
ilmenite from the Ilmen Mountains, USSR; 
U.S. National Museum Number 96189. 
JOAN 
> WT 0 
DEF   SVAR BGSW=J2( 
> AAC12)   0  10   30 
PKCNT FEK  30,TIK  30 
ZAF   3,2j2f,FE,K,FEK,X.329,TI,K,TIK,X. 274,0   ,K,OK=0 
*S  BL=BL-6 
QEND 
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APPENDIX II. Electron Microprobe Analyses of 
"Iln\enite" Concentrates 
Glldden Company - Cohansey Deposit CGC) 
Total Fe calculated as Pe203. 
GRAIN #1 
Point # 
Ratio 
Ti:Fe %  Fe203 %  Ti02 Total 
1 1.24 38.76 56.04 94.80 
2 1.23 38.97 55.96 94.93 
3 1.21 39.37 55.78 95.15 
4 1.30 37.52 56.98 94.50 
5 1.24 38.77 56.28 95.05 
6 1.25 38.63 56.30 94.93 
7a 1.31 37.29 57.13 94.42 
8 1.29 37.57 56.61 94.18 
9 1.32 37.06 56.91 93.97 
10 1.19 39.82 55.44 95.26 
11 1.22 38.83 55.44 94.27 
12 1.25 38.90 56.53 94.53 
13 1.20 39.76 55.58 95.34 
14 1.30 36.83 56.06 92.89 
15 1.20 39.92 55.86 95.78 
AVG. 1.25 38.53 56.19 94.66 
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APPENDIX II.  (Continued) 
GRAIN #2 
1 
2 
3 
4 
5 
6 
7 
8 
9 
AVG. 
Point #1 
Ratio 
Ti:Fe % Fe203 
1 1.27 37.16 
2 1.45 33.96 
3 1.23 38.56 
4 1.51 33.17 
5 ^..69 30.41 
6 1.32 35.94 
7 1.27 37.57 
8 1.23 38.04 
AVG. 1.37 35.60 
GRAIN #3 
1. .63 
1. .65 
1. .79 
1. ,58 
1. ,51 
1. ,64 
1. 64 
1. 68 
1. 47 
1.62 
31.74 
31.11 
29.22 
32.41 
33.40 
31.08 
29.51 
30.76 
34.08 
31.48 
% TiO, 
55, .26 
57. .44 
55. .49 
58. .50 
59. .56 
55. ,54 
55. ,48 
54. ,78 
56.50 
60, .20 
59. .88 
60. .91 
59. .66 
59. ,02 
59. .38 
56. ,58 
60. 33 
58. 55 
Total 
92.42 
91.40 
94.05 
91.67 
90.27 
91.48 
93.05 
92.77 
92.14 
59.39 
91.94 
90.99 
90.14 
92.07 
92.43 
90.46 
86.09 
91.09 
92.63 
90.87 
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APPENDIX II.  (Continued) 
GRAIN #4 
Point # 
AVG. 
Ratio 
Ti:Fe 
42.62 
% Fe203 
2.55 
(Si also present in this grain) 
% TiO, 
83.70 
Total 
1 1.38 36.77 59.22 95.98 
2 1.43 35.60 59.22 94.82 
3 1.41 35.94 58.95 94.89 
4   . 1.40 36.20 59.00 95.20 
5 1.42 36.03 59.57 95.60 
6 1.42 35.78 59.37 95.15 
AVG. 1.41 36.05 59.22 95.27 
GRAIN   #5 
1 60.78 1.17 83.14 85.31 
2 13.13 5.06 77.75 82.81 
3 70.83 1.03 85.07 86.10 
4 25.73 2.96 88.84 91.80 
86.51 
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APPENDIX II.  (Continued) 
GRAIN #6 
Point # 
Ratio 
Ti:Fe % Fe203 % TiO, Total 
1 • -1.80 29.87 62.87       \ 92.74 
2 1.82 30.02 63.80 93.83 
3 1.85 29.41 63.39 92.80 
4 1.81 29.94 63.14 93.08 
5 1.79 30.18 63.15 93.33 
AVG. 1.81 29.88 63.27 93.15 
GRAIN   #7 
)    . 
1 .2.01 31.32 63.04 94.36 
2 1.96 31.83 62.49 94.31 
3 2.05 31.02 63.50 94.52 
4 1.85 33.48 62.00 95.49 
5 1.76 34.91 61.34 96.25 
6 1.96 32.38 63.32 95.70 
AVG. 1.93 32.49 62.62 95.11 
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APPENDIX II.  (.Continued! 
GRAIN #8 
Point # 
Ratio 
Ti:Pe % Fe203 % TiO. Total" 
1 2.00 29.49 58.87 88.36 
2 2.02 29.48 59.63 89.11 
3 2.03 29.37 59.63 89.00 
4 1.91 30.42 58.12 88.54 
5 2.06 29.14 60.05 89.19 
AVG. 2.00 29.58 59.26 88.84 
GRAIN   #9 
1 2.10 29.85 62.62 92.47 
2 2.01 30.98 62.39 93.37 
3 2.72 24.46 66.51 90.97 
4 2.18 29.19 63.59 92.78 
5 1.83 33.80 61.95 95.75 
6 1.95 31.57 61.59 93.15 
AVG. 2.13 29.98 63.11 93.08 
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APPENDIX III. Electron MIcroprobe Analyses of 
"Ilmenite" Concentrates 
ASARCO - Cohansey Deposit (ACI 
Total Fe calculated as Fe203. 
GRAIN #1 
Point # 
Ratio 
Ti:Fe 
1 
2 
3 
4 
5 
6 
7 
AVG. 
1. .62 
1. .51 
1. ,54 
1. ,54 
1. ,77 
1. 66 
1. 75 
1.63 
% Fe203 
36.52 
38.44 
37.73 
37.70 
34.44 
36.00 
34.41 
36.46 
%   Ti02 
59.18 
57.92 
58.25 
58.15 
60.89 
59.60 
60.27 
59.18 
Total 
95.70 
96.36 
95.98 
95.85 
95.33 
95.60 
94.68 
95.64 
GRAIN   #2 
1 
2 
3 
4 
5 
AVG. 
1.49 
1.48 
1.46 
1.46 
1.46 
1.47 
39.23 
38.99 
39.02 
39.57 
39.46 
39.25 
58.57 
57.90 
57.07 
57.60 
57.75 
57.78 
97.80 
96.89 
96.09 
97.17 
97.21 
97.03 
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APPENDIX III.  (.Continued) 
GRAIN #3 
1 
2 
3 
4 
5 
AVG. 
Point # 
Ratio 
Ti:Fe % Fe203 
1 1.65 35.85 
2 2.34 27.55 
3 2.06 30.30 
4 1.97 31.51 
5 1.87 32.85 
6 1.83 32.93 
AVG. 1.95 31.83 
GRAIN #4 
1.73 
1.67 
1.78 
1.81 
1.80 
1.76 
34.64 
35.00 
34.08 
33.61 
33.80 
34.23 
%   TiO, 
61.69 
59.85 
58.60 
60.70 
60.70 
60.67 
60.10 
Total 
95, .17 
91, .94 
92. .85 
93. ,65 
94. ,22 
93. 31 
93.52 
94.49 
93.59 
94.79 
94.31 
94.47 
94.33 
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APPENDIX III.  (Continued) 
GRAIN #5 
Point # 
1 
2 
3 
4 
5 
AVG. 
GRAIN #6 
1 
2 
3 
4 
5 
6 
AVG. 
Ratio 
Ti:Fe 
1. .92 
2. .04 
1. ,93 
2. ,42 
2. 44 
2.15 
1. .58 
1. ,68 
1. ,63 
1. ,61 
1. 60 
1. 59 
% Fe203 
31. .84 
30. ,28 
31. ,95 
26. ,45 
26. 69 
29.44 
37, .87 
35. .66 
36. .70 
36. ,83 
37. ,14 
37. 73 
% TiO, 
61. .02 
61. .90 
61. ,74 
64. ,11 
65. ,12 
62.78 
1.62 36.99 
59.90 
59.95 
59.87 
59.37 
59.35 
59.90 
59.72 
Total 
92.86 
92.18 
*93.69 
90.55 
91.82 
92.22 
97.77 
95.61 
96.57 
96.20 
96.49 
97.63 
96.71 
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APPENDIX  III.      CContinued) 
GRAIN   #7 
Point  # 
Ratio 
Ti:Fe % Fe203 %  TiO. Total 
1 1.70 34.70 59.15 93.84 
2 2.13 29.37 62.52 91.89 
3 » 2.01 31.17 62.59 93.75 
4 1.69 34.98 59.22 94.20 
5 1.56 37.33 58.12 95.45 
6 1.99 31.45 62.67 94.12 
AVG. 1.85        ? 33.17 60.71 93.88 
GRAIN   #8 
1 1.86 33.59 62.42 96.01 ^, 
2 2.04 31.35 63.97 95.32 
3 1.94 32.58 63.35 95.94 
4 1.93 32.80 63.30 96.10 
5 1.88 33.25 62.62 95.88 
AVG. 1.93 32.71 63.13 95.85 
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APPENDIX III. (Continued 1 
GRAIN #9 
Point # 
Ratio 
Ti:Fe % Fe203 
1 1.82 33.86 
2 1.91 30.07 
3 1.86 31.88 
4 1.81 33.74 
5 1.56 37.64 
AVG. 1.79 33.44 
Tx02 Total 
95.37 
87.65 
91.07 
94.86 
96.31 
59.61      93.05 
61. ,52 
57. .58 
59. .18 
61. ,12 
58. .67 
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APPENDIX IV. Electron Microprobe Analyses of 
"Ilmenite" Concentrates 
ASARCO - Kirkwood Deposit (AKl 
Total Fe calculated as Fe203. 
GRAIN #1 
O" 
Point # 
Ratio 
Ti:Fe % Fe203 % Tio2 Total 
1 1.65 32.81 63.20 96.01 
2 1.70 31.51 62.32 93.83 
3 1.84 29.96 64.21 94.17 
„4 1.63 32.68 62.25 . 94.93 
5 1.62 32.41 61.29 93.70 
6 1.69 31.47 62.12 93.59 
7 1.74 30.67 62.30 92.97 
8 1.69 31.24 61.77 93.01 
9 1.71 30.92 61.52 92.44 
AVG. 1.70 31.52 62.33 93.85 
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APPENDIX IV.  (.Continued! 
GRAIN #2 
1 
2 
3 
4 
5 
AVG. 
Point # 
Ratio 
Ti: Fe % Fe203 
1 1.87 29.12 
2 1.81 29.68 
3 1.84 29.17 
4 1.85 29.22 
5 1.90 28.39 
6 2.10 25.88 
7 1.91 28.32 
8 1.80 28.01 
AVG. 1.89 28.47 
GRAIN #3 
1. ,50 
1. ,74 
1. ,54 
1. ,82 
1. ,84 
1.69 
34.06 
28.48 
33.33 
29.57 
30.14 
31.12 
% Ti02 
63.57 
62.44 
62.70 
63.12 
62.92 
63.25 
63.05 
58.93 
62.50 
59.63 
57.78 
60.07 
62.92 
64.69 
61.02 
Total 
92.69 
92.12 
91.87 
92.34 
91.31 
89.13 
91.37 
86.94 
90.97 
93.69 
86.26 
93.40 
92.45 
94.83 
92.13 
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APPENDIX IV.  (.Continued! 
GRAIN #4 - Area A 
Point # 
Ratio 
Ti:Fe % Fe203 % Ti02 Total 
1 3.22 18.61 69.96 88.57 
2 2.95 19.94 68.54 88.48 
3 3.59 17.01 71.28 88.28 
4 3.12 18.60 67.62 86.22 
5 3.06 18.77 66.94 85.71 
6 2.55 17.00 50.61 67.61 
7 2.58 19.07 57.45 76.49 
8 2.42 21.79 61.47 83.25 
AVG. 2.94 18.85 64.23 83.08 
(Pt. 6 - Si also present) 
GRAIN #4 - Area B 
1 .0041        76.16 .37       76.53 
2 .0057       73.01 .48      73.49 
AVG.          .0049        74.89 .425      75.01 
CSi also present) 
96 
» 
APPENDIX IV.      CContinued) 
GRAIN  #5 r ' 
Point  # 
Ratio 
Ti:Fe % Fe203 %. TiO. Total 
1 1.38      \ 36.97 59.40 • 96.37 
2 1.40 36.21 59.22 95.43 
3 1.48 35.04 60.67 95.71 
4 1.34 37.72 58.97 96.69 
5 1.37 37.10 59.13 96.23 
AVG. 1.39 36.61 59.48 96.09 
GRAIN  #6 
1 1.37 37.36 59.72 97.08 
2 1.26 39.27 57.70 96.97 
3 1.29 38.76 58.42 97.18 
4 1.27 39.52 58.32 97.84 
AVG. 1.30 38.73 58.54 97.27 
GRAIN  #7 
1 2.44 23.72 67.57 91.29 
2 1.95 28.52 64.81 93.33 
3 1.85 29.68 64.04 93.72 
4 1.94 28.60 64.66 93.25 
5 1.87 29.45 64.24 93.69 
AVG. 2.01 27.99 65.06 93.06 
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APPENDIX IV. (.Continued) 
GRAIN #8 
Point # 
Ratio 
TirFe % Fe203 
1 1.10 41.39 
2 1.33 36.34 
3 1.27 38.40 
AVG. 1.23 38.71 
GRAIN #9 
1 2.57 25.98 
2 2.50 26.58 
3 2.59 25.91 
AVG. 2.55 26.16 
GRAIN #10 
1 1.97 30.95 
2 1.85 33.00 
3 1.80 33.40 
4 1.73 34.51 
5 1.81 32.97 
AVG. 1.83 32.97 
% Ti02 
53.30 
56.33 
57.08 
55.57 
66.67 
66.54 
67.09 
66.74 
60.90 
61.10 
60.27 
59.57 
59.58 
60.28 
Total 
94.69 
92.67 
95.48 
94.28 
92.65 
93.12 
93.00 
92.92 
91. .85 
94. .10 
93. .67 
94. .08 
92. .55 
93.25 
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APPENDIX IV.  (Continued) 
GRAIN #11 
Ratio 
Point # Ti:Fe 
1 3.63 
2 3.81 
3 3.72 
4 3.49 
AVG. 3.66 
GRAIN #12 
1 1.69 
2 1.63 
3 1.70 
4 1.62 
5 1.65 
6 1.72 
7 1.80 
AVG. 1.69 
% Fe203 
20. .04 
19. .16 
19. .52^ 
20. ,76 
19.87 
34.84 
36.10 
34.93 
35.77 
36.03 
34.40 
33.53 
35.09 
%   TiO. 
72. .80 
73. .08 
72. ,68 
72. ,53 
72.77 
58.85 
58.78 
59.33 
57.97 
59.42 
59.22 
■60.24 
59.12 
Total 
92.84 
92.24 
92.19 
93.29 
92.64 
93.69 
94.88 
94.26 
93.74 
95.45 
93.62 
93.76 
94.20 
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APPENDIX IV. CContinuedJ 
GRAIN #13 
Point # 
Ratio 
Ti:Fe % Fe203 % Ti02 Total 
1 3.22 21.86 70.36 92.22 
2 3.76 19.50 73.35 ^/$2.85 
3 2.90 22.85 66.32 89.17 
4 3.32 21.85 72.46 94.31 
5 3.32 21.82 72.43 94.25 
AVG. 3.30 22.58 70.98 92.56 
GRAIN #14 
1 2.00 30.45 60.87 91.32 
2 2.16 29.64 63.94 93.58 
3 1.94 31.88 61.74 93.62 
4 1.92 32.15 61.82 93.97 
5 1.82 33.35 60.75 94.10 
i 
6- 2.03 30.35 -^ 61.52 91.87 
AVG. 1.98 31.30 61.77 93.08 
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